A robust Sugeno type adaptive fuzzy neural network (RSAFNN) backstepping control for a two-axis motion control system is proposed in this paper. The adopted two-axis motion control system is composed of two permanent magnet linear synchronous motors (PMLSMs). The single-axis motion dynamics with the introduction of a lumped uncertainty, which includes parameter variations, external disturbances, cross coupled interference between the two PMLSMs and fiction force, is derived first. Then, a backstepping control approach is proposed to compensate the lumped uncertainty occurred in the two-axis motion control system. Moreover, to improve the control performance in the tracking of the reference contours, a RSAFNN backstepping control is proposed where a Sugeno type adaptive fuzzy neural networks (SAFNN) is employed to estimate the lumped uncertainty directly. Furthermore, the proposed control algorithms are implemented in a TMS320C32 DSP-based control computer.
Introduction
The adaptive backstepping is a systematic and recursive design methodology for nonlinear feedback control [1, 2] . In many cases, the feedback linearization method using geometric approach is only valid in some local region and with a disturbance-free setting [3] . The adaptive backstepping design alleviates some of these limitations [1, 2] . Moreover, while the feedback linearization method requires precise model and often cancels some useful nonlinearities [3] , the adaptive backstepping design offers a choice of design tools for accommodation of uncertainties, which comprise unmodeled dynamics, parameters variation, external disturbance, friction force and nonlinearities, and can avoid wasteful cancellations. Furthermore, the adaptive backstepping control approach is capable of keeping almost all the robustness properties of traditional backstepping design and extending to handle systems with unknown parameters [1, 2] .
Intelligent control approaches such as fuzzy neural networks (FNNs), which possess the merits of both fuzzy systems [4] and neural network [5] , do not require mathematical models and have the ability to approximate nonlinear systems [6] .
Therefore, there were many researchers using FNN approaches to represent complex plants and construct advanced controllers [7, 8] . Generally, FNNs can be divided into two types, which are Mamdani-type and Takagi-Sugeno-Kang (TSK)-type FNNs. Since the TSK-type FNN provides more powerful representation than the Mamdani-type FNN, the TSK-type FNN is the mostly used FNN scheme developed up to now. Moreover, since the output of the TSK model has an explicit analytical form, it is possible to incorporate mathematical knowledge about the controlled plant, and its behavior can be analyzed using conventional control theory.
In modern manufacturing systems, the computer numerical controlled (CNC) machines have become important elements [9, 10] . The CNC machines generally can be divided into two parts: the mechanical parts with servo drive systems and the servo controllers that control the multi-axis motion of the mechanical parts. In general, the CNC machine is composed of an X-Y table and a Z-axis motion mechanism, where each motion axis is driven by an individual actuator system, such as DC or AC motors. The motion mechanisms using motor drives usually lead to the existence of the unmodeled dynamics, coupled interferences and unmeasured friction, which often deteriorate the system performance significantly in machining processes [9] . Therefore, in order to improve the tracking performance in machining processes, many studies have been presented [11, 12] . Moreover, the design of two-axis motion control with high-performance and high-precision machining is required in modern manufacturing.
Modeling of X-Y Table Machine
The configuration of a single-axis field-oriented control PMLSM servo drive system is depicted in Fig. 1 [13 Fig. 1 . System configuration of field-oriented control PMLSM servo drive.
where fi K is the thrust coefficient. The mover dynamic equation using the electromagnetic force shown in (10) is 
Backstepping Control System
In order to control the motion of X-Y table, a backstepping control system is proposed in this section. The motions of the X-axis and Y-axis are controlled separately. The configuration of the proposed backstepping control system for a single-axis PMLSM is depicted in Fig. 2 . All the subscript i are removed for simplicity in the descriptions of the following sections.
Assuming that the system parameter variations and external disturbance are absent, then each field-oriented control PMLSM servo drive can be formulated by rewriting (1) and (3) as follows:
where
is the control effort, i.e., the thrust current command. Now, considering the existence of parameter variations and external force disturbances including cross-coupled interference and friction force for the single-axis field-oriented control PMLSM servo drive system,
uncertainties introduced by system parameters M and D ; H is named the lumped uncertainty and defined by
To design the backstepping control system, the lumped 
Single-Axis Motion Mechanism
where ρ is a given positive constant. To achieve the control objective via the backstepping design technique, define the tracking error
Then, the derivative of the tracking error can be represented as )
can be viewed as a virtual control in the above equation. Define the following stabilizing function [2] :
According to (10) , a backstepping control law T U is assumed to take the following form:
k is a positive constant; ) sgn(⋅ is a sign function; d U is a robust controller, and the following Lyapunov function is defined:
Then, the derivative of the Lyapunov function is 
(15) Moreover, using Barbalat's lemma [3] , the following results can be concluded:
Therefore, the backstepping control system is asymptotically stable. The selection of the upper bound of the lumped uncertainty has a significant effect on the control performance. However, the lumped uncertainty H is difficult to know in advance in practical applications, on the other words, the upper bound ρ is difficult to determine.
Moreover, the existed sign function in the robust controller d U will result in chattering phenomena. Therefore, a RSAFNN is developed in the following section to alleviate the above difficulties.
Robust Sugeno Type Adaptive Fuzzy Neural Network Backstpping Control System
It is well known that Sugeno type fuzzy models can provide an effective representation of complex nonlinear systems in terms of fuzzy sets and fuzzy reasoning. Therefore, a five-layer SAFNN [8] shown in Fig. 3 is adopted to estimate the lumped uncertainty H in the RSAFNN backstepping control system which is shown in Fig. 4 . Since the SAFNN is adopted to adapt the value of the lumped uncertainty Ĥ , its output can be written as follows:
where 2 2
is the output vector of rule layer.
[ ]
is the input state of SAFNN;
is the interconnection weights matrix between the membership layer and the rule layer, in which j is the number of nodes in the membership layer. Moreover, since the Gaussian function is the probability function of the normal distribution with continuous and differential characteristics, the Gaussian function, is the interconnection weights matrix in the input-to-membership layer; Ĥ is the single output of SAFNN. To develop the adaptation laws of the SAFNN, the minimum reconstructed error δ is defined as follows:
where * W is an optimal weight vector that achieves the minimum reconstructed error. The δ is also assumed to be a constant during the estimation. Then, (17) can be redesigned as follows: 
where Ŵ is the estimated value of W . Thus, the control law for the RSAFNN backstepping control system shown in Fig. 4 is redesigned as follows:
(20) where n U and h U are given by (12) and (22), respectively; r U is designed to confront the reconstructed error of the RSAFNN and is given as
in which δˆ is the estimated value of δ . According to (11), (13) and (21) 
If the adaptation laws for the RSAFNN backstepping control system are designed as ) (
Moreover, using Barbalat's lemma [3] , the following results can be obtained:
Therefore, the RSAFNN backstepping control system is asymptotically stable even if parametric uncertainty, external force disturbance, cross-coupled interference and friction force exist. Since the sign function does not exist in compensator r U , there is no chattering phenomenon in the control effort of the RSAFNN backstepping control system. The effectiveness of the proposed control systems will be verified by the following simulation and experimentation.
Experimental Results
The block diagram of the DSP-based computer control two-axis motion control system is shown in Fig. 5(a) and the X-Y table mechanism is shown in Fig. 5(b) . To demonstrate the effectiveness of the proposed RFNNCDO, the nominal condition and the parameter variation condition are provided in the experimentation. The parameter variation condition is the addition of one iron disk with 20kg to the mass of the mover at the beginning. The experimental results of the tracking response, control effort and tracking error of the two test conditions are shown in Fig. 6 and Fig. 7 , respectively. From the results, the excellent control performance of the proposed RFNNCDO control system under the occurrence of parameter variations and different trajectories are obvious owing to on-line learning.
Conclusions
The major contributions of this study are: (i) the successful derivation of adaptive learning algorithms based on Lyapunov stability for a SAFNN; (ii) the successful development of a RSAFNN backstepping control system to confront the parameter variations and disturbances including cross-coupled interference and friction force; (iii) the successful application of the RSAFNN backstepping control system on a two-axis motion control system to track different reference contours with robust control performance. 
